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Abstract 
The calculation of patellofemoral joint contact force using three dimensional (3-D) 
modelling techniques requires a description of the musculoskeletal geometry of the 
lower limb.  In this study, the influence of the complexity of the muscle model was 
studied by considering two different muscle models, the Delp and Horsman models.  
Both models were used to calculate the patellofemoral force during standing, vertical 
jumping and Olympic style weightlifting.  The patellofemoral forces predicted by the 
Horsman model were markedly lower than those predicted by the Delp model in all 
activities and represented more realistic values when compared to previous work.  
This was found to be a result of a lower level of redundancy in the Delp model, which 
forced a higher level of muscular activation in order to allow a viable solution.  The 
higher level of complexity in the Horsman model resulted in a greater degree of 
redundancy and consequently lower activation and patellofemoral forces.  The results 
of this work demonstrate that a well posed muscle model must have an adequate 
degree of complexity to create a sufficient independence, variability and number of 
moment arms in order to ensure adequate redundancy of the force sharing problem 
such that muscle forces are not overstated. 
 
Keywords: musculoskeletal modelling, muscle models, musculoskeletal geometry, 
patellofemoral joint force 
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1. Introduction 
Musculoskeletal modelling techniques can be used to analyse biomechanical 
problems where the direct measurement of key variables is difficult or impossible.  
This requires a detailed description of the geometry of the musculoskeletal system to 
allow the calculation of muscle lines of action and moment arms.  A large number of 
previous authors have employed this methodology to solve problems of 
biomechanical interest (e.g. [1]-[7]).  
The Delp muscle model of the lower limb [8]-[10] has been used in a large number of 
studies to describe the geometry of the lower limb [11], [12]. This muscle model is an 
amalgamation of previous studies [13]-[15] that has been widely altered and refined 
since its inception (e.g. [16], [17]).  Horsman et al [18] have recently published a 
complete data set which is, for the first time, based on the geometrical analysis of one 
cadaveric specimen [18].  The use of one cadaveric specimen has the advantage of 
ensuring internal consistency within the data set while at the same time being limited 
in the extent to which it can be assumed to be representative of the wider population.  
Within both models line elements are specified to describe the line of action of the 
muscles, however, the model of Horsman is considerably more detailed than that of 
Delp as it includes almost four times as many line elements. 
Patellofemoral joint problems affect a large number of individuals [19] and are likely 
to be related to the contact forces and stresses experienced at the joint [20], [21].  A 
number of 2 and 3-D models (e.g. [20]-[24]) have been employed to study 
patellofemoral joint contact force during movement and the calculated forces range 
from 0.4 kN during walking [21], [22] to 6.0 kN when landing after a jump [24].   
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The purpose of this study was to analyse the effect of the choice of muscle model on 
the analysis of movement in a problem of clinical significance that is, the calculation 
of patellofemoral joint contact force, by comparing the application of two different 
muscle models.  In particular, the aim of the study was to explore the merits of using 
more complex and detailed models in musculoskeletal modelling.  The Delp model 
was chosen due to its wide use in musculoskeletal modelling research. The original 
Delp model was employed because of the difficulties in presenting a modified Delp 
model that included all of the refinements in the literature and as it represented a less 
complex and refined model.  The Horsman model was chosen as the second model as 
it represents the first muscle model that has been created solely by reference to one 
source, and due to the fact that it represents a more complex and refined model that is 
still based upon a very similar methodology to the Delp model.  The aim was to 
provide an analysis of the differences between these data sets in terms of modelling 
parameters, assumptions and clinical results, and to highlight some of the key general 
considerations when employing muscle models in these types of analyses.  
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2. Methods 
This study employed a 3-D musculoskeletal model of a right lower limb.  The 
function of the model used in this paper is described in Figure 1 and in detail below.    
In summary, inverse dynamics was used to calculate joint forces and moments during 
standing, vertical jumping and weightlifting (jerking a 40 kg barbell overhead).  The 
two muscle models were used to calculate individual muscle forces using optimisation 
techniques.  Finally, the musculoskeletal geometry and muscle forces were combined 
to calculate the patellofemoral joint contact force.  The data was for a 33 year old, 
physically active male (height 1.86 m, mass 85.0 kg). 
Figure 1 about here. 
The model employed in this paper was verified by comparison with previously 
published musculoskeletal models of this type.  In particular, the intersegmental 
analysis of jumping calculated by the model was compared to previous work [25], 
[26].  Similarly, the patellofemoral joint contact force calculated by the model during 
various tasks was compared to the work of previous authors.  The model was found to 
be in good agreement with previous models and was thus considered to be appropriate 
for employment in this study. 
2.1 Inverse Dynamics 
Optical motion tracking was used to collect lower limb kinematics where the standard 
marker placements of Van Sint Jan et al [27] were used to locate key anatomical 
landmarks [27], [28].  Force data was recorded using a force plate (Kistler Type 9287, 
Kistler Instrumente AG, Winterthur, Switzerland) and synchronised with the motion 
capture data (Vicon MX System, Vicon Motion Systems Ltd, Oxford, UK).  The 
subject performed the activities with only one foot on the force plate in order to 
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record measurements that were consistent with the specification of a single right 
lower limb model.  The model comprised four linked rigid segments and is illustrated 
in Figure 2.  The marker positions were used to calculate the transformation 
specifying the location and orientation of the rigid bodies representing the foot, lower 
leg, thigh and pelvis segments [29].  The segments were considered to meet at the 
centre of rotation (COR) of each joint as defined by each muscle model in relation to 
anatomical landmarks and the particular muscle model used (i.e. the Delp model [8]-
[10] or the Horsman model [18]) and the COR was considered to be fixed within the 
distal segment.  These assumptions limit the joints to purely rotational movement and 
discount any translation at the joints.  The transformation specifying the location and 
orientation of each segment was smoothed using linear time-invariant and quaternion 
filtering techniques as described by Lee and Shin [30]. 
Figure 2 about here. 
An inverse dynamics analysis was performed to calculate the intersegmental forces 
and moments at each joint of the model during the movement using the Newton-Euler 
iterative method as described by Winter [31].  This method is based upon the fact that 
if the force and moment at the distal end of a kinetic chain is known then classical 
mechanics can be used to calculate the forces and moments at each joint in a stepwise 
fashion moving proximally along the kinetic chain.  Forces were calculated by 
consideration of the free body diagram of each segment, iteratively, moving 
proximally along the kinetic chain.  The moments at each joint were then found by 
employing Euler’s equations of 3-D motion for a rigid body sequentially, again by 
moving proximally along the lower limb.  In order to employ the Euler equations 
most efficiently this calculation was performed in the local coordinate system (LCS) 
Lower Extremity Musculoskeletal Geometry Effects the Calculation of Patellofemoral Forces 
in Vertical Jumping and Weightlifting 
08 January 2010 Cleather 7 
of each segment.  This calculation is depicted in Figure 3.  Anthropometric data, 
including segment masses, location of segment centre of masses and segment radii of 
gyration were taken from de Leva [32].  
Figure 3 about here. 
2.2 Implementation of the Muscle Models 
The muscle models analysed in this paper consist of a description of the geometry of 
the musculoskeletal system for one specific subject and one posture (the anatomical 
position).  The muscle models are specified by line elements representing the path of 
each musculotendinous unit including the origin and insertion of each muscle, 
wrapping over underlying structures, the physiological cross-sectional areas of the 
muscles and a description of the spatial relationship between the patella and femur.  
No passive tissues were modelled in the study. 
In order to generalise the muscle model to any given posture a body fixed LCS was 
created for each of the rigid body segments specifying the model and all muscle 
geometry was expressed within these LCSs.  A transformation was calculated from 
the LCSs to the laboratory fixed global coordinate system (GCS) for each frame.  
Given this transformation, the musculoskeletal geometry of any posture in the GCS 
could be calculated.  In this study, the x-axis was defined to be the anterior-posterior 
axis, the y-axis to be superior-inferior, and the z-axis to be lateral-medial.  Subject-
specific scaling of the muscle model was achieved at the segmental level.  Dividing 
the length of the subject’s segments (as represented by anatomical landmarks) by 
those of the model allowed the calculation of a linear scaling factor along the 
longitudinal axes of the segments.  The lack of further information as to the 
dimensions of the Delp segments precluded the calculation of scaling factors along 
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the other two axes of each segments.  The scaling factor was applied to each muscle 
point in order to calculate the personalised y-coordinate of each muscle point. 
2.2.1 Delp Muscle Model 
The Delp muscle model has 43 line elements.  Wrapping of muscles over underlying 
structures was achieved by the use of via points.  Via points are additional points 
through which a line element is constrained to pass thus permitting a more detailed 
description of the path of a muscle.  Additional via points were specified for particular 
joint angles at the knee.  The hip was modelled as a joint with 3 degrees of freedom 
(DOF), the knee with 1 DOF and the ankle with 2 DOF.  These constraints are in 
agreement with the original Delp model and were necessary to allow the optimization 
to solve.  However, in particular, modelling the knee as a 1 DOF joint may be 
particularly limited given that the extra DOF may be especially useful in 
understanding the mechanisms of injury.  The Delp knee model is specified by the 
transformation from tibia to patella given a particular knee angle, this relationship is 
extrapolated from previous research [33]-[35].  The movement of the patella is 
constrained to patellar rotation in the sagittal plane of the patella relative to the tibia. 
2.2.2 Horsman Muscle Model 
The Horsman muscle model has 163 individual line elements and includes the 
position of anatomical landmarks and CORs.   In order to express the muscle model in 
the body fixed segmental LCS, the anatomical landmarks of the Horsman muscle 
model were used to calculate a body fixed segmental LCS that was defined on the 
same basis as that of the subject’s.  A rotation that mapped the LCS of the Horsman 
data set to the subject’s was then calculated, thus enabling a more subject-specific 
model than the Delp data set.  Where the sliding of the muscle over the underlying 
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structure is constrained, via points were defined to describe the muscle wrapping.  
Where a free movement of the muscle over underlying structures is possible, a 
cylinder was fitted to the structure to approximate its geometry.  The muscle wrapping 
around this structure was then computed to minimise the length of the muscle based 
on the method of Charlton and Johnson [36].  The hip, knee and ankle joints were all 
modelled with 3 DOF. 
The Horsman knee model represents the circular trajectory that best fit the motion of 
the patella with respect to the femur.  The Horsman data consists of the COR of the 
patella and its axis of rotation.  The motion of the patella can then be calculated by 
assuming that the patella tendon is an inextensible string that drags the patella around 
this path.  The Horsman knee model was scaled to the subject-specific data by using 
the same scaling methodology as for the muscle points.  Similar to the Delp model, 
the Horsman model was therefore constrained to rotation in the sagittal plane of the 
patella. 
In order to provide a fair comparison to the Delp muscle model a second Horsman 
muscle model was implemented.  In the adjusted muscle model only those muscles 
that exist in the Delp model were represented (thus the adjusted model had 152 
elements) and the model employed the Delp knee. 
2.3 Solution of the Force Sharing Problem 
The effective line of action (l) of each muscle was calculated for each joint upon 
which a muscle acts by normalising the vector from the most proximal muscle point 
in the distal segment to the most distal point in the proximal segment.  In order to 
consider the torque effect of each muscle the vector from the COR to the line of 
action of the muscle to the proximal segment (r) was calculated.  If F is the magnitude 
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of the individual muscle force, then the torque created by each muscle about the COR 
(T) can be expressed as: 
T=Fl×r 
The indeterminate problem of finding the individual muscle forces that produce the 
torques calculated in the inverse dynamics analysis was then solved by optimising the 
following objective function proposed by Crowninshield and Brand [37], where Fmax  
is the magnitude of the maximum possible muscle force and n is the number of 
muscle line elements.  The objective function is based on minimising muscle stress 
raised to the power n where increasing n defines an optimal solution path that 
converges on the solution where muscle stress is equal in each force actuator as n 
approaches infinity.  We have found in our model that optimal force sharing can be 
achieved with n=30 and would consider that in our application this best represents the 
physiological basis of the cost function (that of maximising muscle endurance). 
30
1 max
min
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F
i
F
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F
 
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 
  
The optimisation was performed subject to the calculated muscle force being less than 
the product of the physiological cross-sectional area of the relevant muscle multiplied 
by the maximum muscle stress of 3.139 x 10
5
 N/m
2
 proposed by Yamaguchi [38].  
The physiological cross-sectional areas for all muscles used in the optimisation were 
doubled in both models to represent the fact that the subject in this study was from an 
athletic population whereas the cadaveric data on which the muscle models are based 
was measured from aged subjects, an approach suggested by Yamaguchi [38].  This 
was the only adjustment to the muscle parameters.  The force-length-velocity 
relationship was not modelled in this study – the upper bound of the muscle force was 
based purely on the cross-sectional area and did not vary with joint angle.  The 
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fmincon function from the optimisation toolbox of Matlab (version 7.1; The 
Mathworks, Inc, 2005) was used to perform the optimisation.  
2.4 Calculation of patellofemoral joint contact force 
The muscle models defined the line of action of all the muscles and tendons acting on 
the patella.  The individual muscle forces contributing to the knee extension moment 
for each line of action were calculated in the optimisation.  The force vectors as a 
result of muscular actions on the patella were therefore calculated by multiplying 
these force values with the vectors expressing the line of action of the muscle 
elements.  The line of action of the patella tendon was also provided by the muscle 
models.  The patella was assumed to be constrained to pure rotation in the sagittal 
plane of the patella by its passive structures.  Consequently, the geometrical 
relationship between the force in each muscle element and the patellar tendon could 
be evaluated by the assumption of moment and force equilibrium in the sagittal plane 
of the patella.  This allowed the force in the patellar tendon to be calculated and 
consequently the vector representing the action of the patella tendon on the patella.  
The resultant force vector calculated by considering all of the muscular and tendinous 
force vectors acting on the patella was considered to represent the patellofemoral joint 
contact force by superposition as the influence of patellofemoral joint geometry can 
be considered to be small as demonstrated by Powers and colleagues [39]. 
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3. Results 
The optimisation was able to find a solution for both the Delp and Horsman muscle 
models with the subject in standing (Table 1).  The Delp model required a greater 
level of activation in the knee extensors and the ankle muscles.  The Horsman model 
exhibited higher levels of activation in the hip muscles, especially in the abductors, 
adductors and rotators. 
Table 1 about here. 
The optimisation found a solution for all frames of data for the Horsman muscle 
model during the jump trial.  The Delp muscle model was solvable for hip flexion 
ranges up to approximately 65 degrees of hip flexion, but not beyond.  It has 
previously been established that the Delp model is not well defined in deep hip 
flexion ranges [9].  Figure 4 illustrates the number of gluteal muscle elements with 
hip extension moment arms as a function of hip angle for the two muscle models.  
The data presented is based on the International Society of Biomechanics convention 
on the definition of joint coordinate frames [40].  For the Delp muscle model, 
increasing hip flexion angle results in a diminishing number of potential muscle fibres 
that can be involved in providing a hip extension moment.  Consequently, in deep hip 
flexion, the hip extension moment-generating capacity of the model is insufficient to 
provide a solution for the optimisation.  In contrast, the Horsman muscle model has an 
increasing number of moment arms available to the optimisation as hip flexion angle 
increases.  In this application the Delp model failed due to a lack of both hip 
extension and abduction moment generating capacity in deep hip flexion. 
Figure 4 about here. 
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Figure 5 presents the patellofemoral joint contact force during vertical jumping for the 
Delp model (where a solution exists) and the Horsman models.  At small hip flexion 
angles the Delp model exhibits a good level of agreement with the Horsman model.  
However, as the Delp model approaches failure, the patellofemoral joint contact force 
rapidly becomes much greater than that of the Horsman model. 
Figure 5 about here. 
A solution was found all models during a 40 kg power jerk.  Figures 6 and 7 illustrate 
the patellofemoral joint contact and patellar tendon forces calculated during the jerk.  
It is apparent that the Horsman model predicted the lowest forces and the forces 
predicted by the Delp model are markedly higher than those of the Horsman models.  
The adjusted Horsman predicted higher patellar tendon forces than the Horsman 
model however the patellofemoral joint contact forces predicted by the two Horsman 
models were much closer.  This difference can be explained by the effect of the 
difference in patellofemoral joint kinematics used in the two models on the 
calculation of patellofemoral joint contact force. 
Figures 6 and 7 about here. 
Table 2 presents a comparison of the patellofemoral and patellar tendon forces in the 
jump and jerk based upon the Horsman model.   In the propulsive phase of the two 
activities the peak patellofemoral joint contact force in the jerk is greater than in the 
jump.  In contrast, the patellofemoral joint contact force in the jerk catch phase is less 
than a jump landing.  The same pattern is evident for the patellar tendon force. 
Table 2 about here. 
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4. Discussion 
This study evaluated the differences in employing two muscle models of differing 
complexity when exploring a problem of clinical relevance using musculoskeletal 
modelling techniques.  This study demonstrated that both muscle models can be 
employed successfully to analyse standing and jerking.  The Horsman model can also 
be used to analyse a jumping task. However, the original Delp model considered in 
this study was unable to cope with vertical jumping as it is not well specified when 
the hip is in deep flexion. 
This paper highlights an interesting facet of musculoskeletal modelling pertaining to 
the complexity of the muscle model employed.  In a simple 3-D model where each 
muscle spans only 1 DOF, the number of elements required to solve a static 
optimisation problem is equal to twice the number of DOFs in the model.  However, 
if muscles span multiple DOF the interplay between synergistic and antagonistic 
muscles increases the complexity of the force sharing problem.  This relationship is 
governed by the nature of the application and the construction of the muscle model - it 
is straightforward to exemplify a 3-D model which can arrive at a solution with only a 
few muscle elements or one with a large number of muscle elements which is unable 
to arrive at a solution.  For instance, in this study, the Delp model was constrained to 
1 DOF at the knee and 2 DOF at the ankle in common with the original model and a 
number of other studies [8], [9], [16], [17]. These constraints were necessary to allow 
the optimisation to solve.  In the case of the knee, although the Delp model provides 
13 muscle elements that cross the joint there is insufficient variation in the moment 
arms of these elements to provide a solution when the model was unconstrained.  The 
increased complexity of the Horsman muscle model provided sufficient variability in 
moment arms in 3-D to permit a solution without constraining the knee to 1 DOF.  
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This is clearly advantageous as these extra DOF may be particularly illuminating with 
regards to the mechanism of injury at the knee and for this reason the Horsman model 
may be preferred by future researchers interested in knee injuries.  Equally, future 
work should explore the effect of constraining the DOF of the knee on the calculation 
of internal knee forces. 
The performance of a 3-D model is highly influenced by the independence, variability 
and number of moment arms.  These factors affect the degree of redundancy of the 
force sharing problem which in turn influences the ultimate solution. When the degree 
of redundancy is low (e.g. due to a small number of muscle elements) it is likely that 
most muscle elements will need to be involved in order to solve the force sharing 
problem.  The interaction of these muscles with one another makes it likely that the 
overall level of activation will be relatively high.  In contrast, when the degree of 
redundancy is higher, the combination of a larger solution set coupled with a 
decreased imperative for muscle interactions makes it likely that a solution will be 
found with a lower overall level of activation.  In this study the use of the Horsman 
model resulted in a higher degree of redundancy than the Delp model, primarily as it 
consists of almost 4 times as many muscle elements.  This meant that, even in the 
standing trial, the level of activation of the plantar-flexors was higher in the Delp 
model than the adjusted Horsman model, despite the fact that the Horsman ankle had 
an additional DOF.  In high force activities, where the degree of redundancy is 
relatively small, the Delp model predicted markedly higher values. The patellofemoral 
joint contact force suggested by the Horsman model seems to be more reasonable 
when compared to previous findings [24], [41]. 
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Complexity is a key issue in modelling.  Increasingly complex models are not always 
advantageous as they can be more labour intensive to implement and interpret.  This 
study demonstrates however, that in the given application the implementation of the 
more complex Horsman model rewarded the extra effort.  For the activities 
considered the Horsman model provided a greater degree of redundancy than the 
model of Delp, and this resulted in patellofemoral joint contact force values more in 
line with those suggested by the previous literature.  This demonstrates that the 
calculation of patellofemoral joint contact force by this type of methodology is clearly 
sensitive to the degree of redundancy of the chosen muscle model.  As complex 
muscle models will tend to provide greater redundancy the complexity of the muscle 
model is therefore an important factor in ensuring a physiologically realistic solution. 
In this study, the adjusted Horsman model predicted higher patellar tendon forces than 
the original Horsman model.  However the two Horsman models suggested similar 
patellofemoral joint contact force values.  This can be explained by the difference in 
the choice of patellofemoral joint model.  The differing joint kinematics ameliorated 
the effect of higher patellar tendon forces on the patellofemoral joint contact force in 
the adjusted Horsman model.  As the adjusted Horsman model represents the fairest 
comparison to the Delp model, it is apparent that the differences in forces caused by 
the varying complexity are greater than might be apparent if the Delp model was 
simply compared to the unadjusted Horsman model.  This data also demonstrates the 
key role of the choice of patellofemoral joint model in determining patellofemoral 
joint contact force. 
The Delp muscle model was created by amalgamating the results of previous work 
and does not represent an internally consistent data set.  In contrast, the Horsman 
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muscle model is based upon the geometrical analysis of one cadaveric specimen.  In 
addition, the Horsman muscle model comprises a much wider data set than that of 
Delp, including the position of bony anatomical landmarks and CORs.  In the current 
study, the use of anatomical landmarks allowed a more accurate subject-specific 
scaling of the Horsman muscle model than was achievable using the Delp model.  
This demonstrates an advantage of more detailed muscle models over more simple 
implementations. 
The performance of the Delp model at increasing hip flexion angles exemplifies the 
importance of physiologically realistic wrapping points.  As the gluteal muscle 
elements are represented by straight line elements, as hip flexion angle increases the 
muscle lines of action pass to the flexion side of the COR.  A more realistic model 
would wrap the muscle elements around the intervening structures constraining them 
to the extension side of the COR.  Previous authors have refined the Delp model to 
include wrapping structures, however it is challenging to combine different 
anatomical data sets and therefore these structures may not be consistent with the 
derivation of the original Delp parameters (e.g. [16]) whereas the geometric 
primitives provided by Horsman are internally consistent with the rest of the data set.  
It is clearly imperative to choose a muscle model that is well defined in all joint 
ranges of motion.  Although previous authors have modified Delp for this purpose, 
the existence of the Horsman muscle model may now make its employment a more 
attractive choice.  This area is far from resolved, however, and future work should 
expand on the current literature exploring the key question of muscle wrapping [36], 
[42].   
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The results of this study demonstrate some of the considerations when employing 
muscle models in biomechanical analyses.  A well posed muscle model must have 
sufficient independence, variability and number of muscle moment arms to ensure an 
adequate redundancy of the force sharing problem such that muscle forces are not 
overstated. Similarly, it is advantageous if the model allows ample redundancy to 
allow the study of at least 3 DOF at each joint, particularly if the application seeks to 
elucidate injury mechanisms.  These considerations suggest that for any given 
application there may be a minimum degree of complexity necessary in order to arrive 
at a physiologically realistic solution.  There are advantages to muscle models being 
derived from completely internally consistent data sets.  The issue of correctly 
specifying the wrapping behaviour of muscles is of profound importance.  With 
regards to the above considerations, the authors of this paper would therefore suggest 
that in many 3-D applications the Horsman muscle model would be preferred to the 
original model of Delp.  
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List of Notation 
F Objective function used in optimization 
l Effective line of action of each muscle element 
r Vector from COR to effective line of action of each muscle 
element 
3-D Three dimensional 
COR Centre of rotation 
DOF Degrees of freedom 
F Magnitude of individual muscle force 
Fi Intersegmental force 
Fmax Magnitude of individual maximum muscle force 
GCS Global coordinate system 
LCS Local coordinate system 
Mi Intersegmental moment 
n Total number of muscle elements 
T Torque created by each muscle about the COR 
x Anterior-posterior axis (positive values point anteriorly) 
y Superior-inferior axis (positive values point superiorly) 
z Lateral-medial axis (positive values point laterally) 
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Figure 1.  Flow diagram illustrating the function of the model used in this study. 
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Figure 2.  Construction of rigid linked segments representing the right lower limb. 
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Figure 3.  Inverse dynamics process. 
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Table 1.  Muscle force in Newtons in standing as predicted by Delp and Horsman 
(adjusted) muscle models 
Muscle Group Delp Horsman 
Adductor Brevis 8 101 
Adductor Longus 8 227 
Adductor Magnus 30 0 
Biceps Femoris (Long Head) 0 0 
Biceps Femoris (Short Head) 0 14 
Extensor Digitorum Longus 0 0 
Extensor Hallucis Longus 0 0 
Flexor Digitorum Longus 108 37 
Flexor Hallucis Longus 131 0 
Gastrocnemius (Lateral Head) 171 15 
Gastrocnemius (Medial Head) 158 80 
Gemellus 0 0 
Gluteus Maximus 9 0 
Gluteus Medius 0 152 
Gluteus Minimus 0 8 
Gracilis 7 12 
Iliacus 0 0 
Pectineus 4 47 
Peroneus Brevis 0 5 
Peroneus Longus 12 0 
Peroneus Tertius 0 0 
Piriformis 0 0 
Psoas 0 10 
Quadratus Femoris 2 0 
Rectus Femoris 71 19 
Sartorius 0 40 
Semimembranosus 0 0 
Semitendinosus 0 0 
Soleus 199 288 
Tensor Fascia Latae 11 36 
Tibialis Anterior 0 36 
Tibialis Posterior 111 132 
Vastus Intermedius 74 0 
Vastus Lateralis 74 0 
Vastus Medialis 74 0 
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Table 2.  Comparison of peak patellofemoral and patellar tendon forces during 
jumping and jerking (Horsman Model). 
Peak Force (kN) Jump Jerk 
 Propulsive Landing Propulsive Catching 
Patellofemoral 3.0 3.4 4.0 2.1 
Patellar Tendon 1.8 2.0 2.7 1.8 
 
 
Table
